Abstract: Different responses for the front (entrance) and the rear (exit) surfaces of fused silica processed with femtosecond laser pulses at 807 nm were observed under tight focusing conditions (NA = 0.4). The morphology of the surface in the beam path is highly sensitive to the focus position. By adjusting the focus position, we can produce not only a submicrometer cavity but also a submicrometer bubble. We achieved higher-quality micromachining and a better spatial resolution (400 nm) by focusing the laser beam at the rear surface rather than at the front surface. 
Introduction
The ultrashort pulse laser is becoming a powerful tool for micromachining and microfabrication [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Compared with nanosecond lasers, femtosecond lasers possess a number of advantages. The shorter time scale for energy coupling into the material reduces the destructive thermal effect, which further leads to higher spatial resolution in surface ablation of metals and semiconductors [6, 7] . When a femtosecond laser pulse is focused on a largebandgap transparent material, the intensity in the focal volume becomes high enough to cause nonlinear absorption such as multiple photon absorption (MPA). MPA leads to a much smaller absorption volume than that of single photon absorption, and it results in a much higher spatial resolution [8, 9] . In previous literature [8, 9, 11] the modifications on the surface of transparent media have been studied in detail. Experiments were conducted in vacuum, and the ultrashort laser pulses were focused at the front (entrance) surface under loose focusing conditions. The modifications in the bulk of transparent materials under tight focusing conditions have also been studied [13, 14] . But the laser damage in the bulk of transparent materials is different from the laser ablation on the surface of the materials in ambient gas, which is the interaction among laser field, transparent material, and gas [15] [16] [17] . Under tight focusing conditions, the higher resolution of ablation on the surface of a transparent medium may be achieved because of the smaller size of the focal region. However, to our knowledge this probability has not been studied systematically.
In this paper we investigate the ablation effect by focusing the laser beam at the front and rear (exit) surfaces of fused silica in air under tight focusing conditions. In contrast to ablation under loose focusing conditions, the modification on the surface is highly sensitive to the focus position because of the short Rayleigh length. Moreover, by adjusting the distance of the focus to the surface, we can fabricate not only a microcavity but also a microbubble on the surface. By focusing the laser beam at the rear surface rather than at the front surface, we found that the morphology of the destructive area is improved significantly. A submicrometer (400-nm) spatial resolution has been achieved at the rear surface.
Experimental setup
In the experiment a Ti:sapphire chirped-pulse amplification laser with a pulse duration of 12 fs, a repetition rate of 10 Hz, and a wavelength of 807 nm was used. Figure 1 shows the schematic of the experimental setup. A spatial filter was employed to obtain a high-quality beam. The objective lens A (Olympus, LCPlan, 20×, 6.9-mm working distance) with a numerical aperture (NA) of 0.40 was used to focus the laser beam. The energy of the input laser pulse was monitored by a calibrated photodiode and adjusted by a half-wavelength plate and a polarizer. A single pulse for each ablation event was chosen by a shutter. All the surfaces of the fused-silica sample were polished, and the thickness of the sample was 3 mm. The objective lens B (20×, NA = 0.4) and a CCD camera were used to monitor the focus position by capturing the image of the plasma induced in the medium. The pulse duration was measured to be 300 fs at the focal region of objective lens A. 
Results and discussion
The morphology of the destructive area on the surface of the sample was measured by atomic force microscopy (AFM; DI, MultiMode scanning probe microscope). The front surface is defined as z = 0, and the rear surface is z = −3 mm. The morphology of the destructive area on the surface was affected by the focal position of the laser beam. When the energy of a laser pulse is above the breakdown threshold and when the laser is focused into the bulk of a transparent material, it leads to a microexplosion. The laser pulse creates a high-density hot electron plasma with a high temperature and an immensely high pressure. This microexplosion forces the material from the center of the focus outward. A void is thus formed with a densified surrounding [13, 14] . As the focus is moved toward the surface, a bubble is formed on the surface, as shown in Fig. 2(a) . When the focus is moved further to the surface, the bubble bursts under high pressure, and a pit is formed, as shown in Fig. 2(b) . When the focus is located right at the surface, a cavity is formed at the surface, as shown in Fig. 2(c) . Moving the focus upstream continuously, we observed that the cavity becomes shallower and eventually disappears. These results are shown in Figs. 2(d) and 2(e). There is no damaged area at the front surface when the focus position is at z > 4 µm. In our experiment the diameter of the laser beam at the focus was measured to be 1.9 µm; the Rayleigh length was calculated to be 5.6 µm. This short Rayleigh length leads to the sensitivity of the morphology to the focus position. Figure 3 shows the AFM pictures of the destructive area at the rear surface of the sample induced by a femtosecond laser pulse with an energy of 0.40 µJ. Figure 3(a) shows the cavity produced by focusing of the laser beam at the rear surface. As the focus of the laser beam is moved into the sample 4 µm from the rear surface, a bubble is formed as shown in Fig. 3(b) .
Figures 2(c) and 3(a) show the morphology of the cavities produced when the laser pulse is focused on the front and the rear surfaces of the sample with same pulse energy of 0.40 µJ. Ablation at the rear surface is of a higher quality than at the front surface. In the latter case, the cavity is always surrounded by a ring-shaped protrusion, and there are many sputtered particles on the surface around the cavity, as shown in Figs. 2(b)-2(d) . In Fig. 3(a) the produced cavity has a well-defined structure with no debris formed around the cavity, and the polished surface around the damaged area is kept intact. The fringe of the cavity at the rear surface in Fig. 3(a) is also smoother than that at the front surface in Fig. 2(c) .
The difference in morphology of the damaged area at the front surface and at the rear surface can be qualitatively explained by the deposition of energy inside the material at the rear surface and plasma backpressure at the front surface. Laser ablation of a solid material consists of several stages, including the formation of a plasma by electronic excitation inside the medium, energy transfer from the plasma to the lattice, medium melting and vaporization followed by the formation of a material vapor plume, and the formation of a shock wave by the interaction between the expanding plume and the surrounding matter. Plasma formation in the bulk medium is a result of multiphoton ionization and avalanche ionization [18] . Ablation in the air with an ultrashort laser pulse, however, also includes avalanche ionization of the air close to the surface. The initial seed electrons for avalanche ionization of the air are provided by electron emission from the surface [15] [16] [17] . The directions of electron emission from the front and the rear surfaces with respect to laser beam are opposite, which leads to different conditions at the two surfaces. On the rear surface the energy of the incident laser pulse is mostly confined inside the material with little avalanche ionization of the air. Fig. 3 . AFM pictures of the destructive area produced at the rear surface. The laser beam is focused at the rear surface in (a), and in the sample with a distance of 4 µm to the rear surface in (b). The diameter of the cavity is 1.14 µm, and the bubble is 620 nm. The energy of the laser pulse is 0.40 µJ.
In contrast, the interaction between the laser pulse and the plasma inside the bulk causes a large dissipation by air ionization close to the front surface [19] . As a result, the material at the rear surface is more easily ejected, because it is not capped by the plasma backpressure, whereas at the front surface the ejected material can be impeded by the plasma from air ionization, which may lead to the formation of debris around the destructive area [20] . A quantitative interpretation of the difference in morphology of the destructive area by means of focusing the laser beam at the front and the rear surfaces is complicated and is not discussed here. Although the mechanism for laser ablation under ultrashort pulses is complicated, it is clear that the quality of ablation by focusing the laser beam at the rear surface is dramatically improved in comparison with the ablation at the front surface of a transparent medium. Figure 4 shows the dependences of damaged size at the front and the rear surfaces of the sample on the energy of the laser pulse. The size of the cavity at the rear surface is always smaller than that at the front surface under the same laser energy. For a laser energy of 0.20 µJ, the diameter of the cavity at the rear surface is only 400 nm, as shown in Fig 5 . This is the smallest cavity on the rear surface obtained without damaging the bulk of the sample.
The small damaged area and the submicrometer (400-nm) cavity formed at the rear surface were mainly attributed to the combined effect of self-focusing and multiple photon absorption. In contrast to the damage at the front surface, self-focusing plays an important role in laser ablation at the rear surface. It can lead to smaller sized cavities. The effect of self-focusing by various NA objectives in fused silica has been studied in detail by Mazur's group [1, 13, 21] , and in our previous study on filamentation of a focused laser pulse in fused silica [22] . It was found that for a 0.40-NA objective lens, the self-focusing effect would significantly reduce the beam waist in fused silica. 
Conclusion
Femtosecond laser ablation at the front and rear surfaces of fused silica was investigated under tight focusing conditions. The morphology of the destructive area on the surface was observed to be sensitive to the distance for the focus position to the surface. This is a result of the short Rayleigh length of the laser beam under tight focusing conditions. On the surface of the sample, we could fabricate not only a cavity but also a bubble by adjusting the relative position of the focus with respect to the surface. The morphology of the destructive area under ablation at the rear surface exhibits a higher quality than at the front surface. The cavity at the rear surface is well defined and without debris. Moreover, a submicrometer (400-nm) spatial resolution for surface micromachining is achieved at the rear surface because of self-focusing. These results demonstrate a powerful tool for micromachining with well-defined and clean structures and submicrometer resolution in transparent media.
